Recent work identified an apoptotic program in gastrulation stage Xenopus embryos (Anderson, J.A., Lewellyn, A.L., Maller, J.L., 1997 . Mol. Biol. Cell 8, 1195-1206 Stack, J.H., Newport, J.W., 1997. Development 124, 3185-3195). Here, we characterize in detail this maternal cell death program, which is set up at fertilization and abruptly activated at the onset of gastrulation, following DNA damage or treatment of embryos with inhibitors of transcription, translation, or replication, between the time of fertilization and the midblastula transition (MBT). This apoptotic pathway is activated under tightly regulated developmental control(s): if the same treatments are applied after the MBT the apoptotic response is abrogated. Embryos displayed many characteristic apoptotic features, including DNA fragmentation, caspase activation, and embryonic death was blocked in vivo by the ectopic expression of Bcl-2, or injection of the caspase-3 inhibitor z-DEVD-fmk. The precise timing and the execution of this maternal cell death program is set at fertilization and does not depend on the type of stress applied, on cell cycle progression, or on de novo protein synthesis. This maternal developmental program might palliate the lack of cell cycle checkpoints in the pre-MBT embryo.
Introduction
In Xenopus, early development consists of a series of rapid cell divisions driven by maternally-inherited proteins and mRNAs (Newport and Kirschner, 1982a) . At the midblastula transition (MBT) (Signoret and Lefresne, 1971; Newport and Kirschner, 1982a) , zygotic transcription is initiated (Newport and Kirschner, 1982b) , the embryonic cell cycles lacking gap phases are progressively replaced by somatic cell cycles driven by zygotic components, cell division becomes asynchronous, and cells display motile activity (Graham and Morgan, 1966; Howe et al., 1995; Newport and Kirschner, 1982a) . The switch from a maternal to a zygotic program that takes place between the MBT and the onset of gastrulation, is believed to be regulated in part by 'timers' set up at fertilization and the timing of these developmental transitions appear to be independent of each other (Cooke and Smith, 1990) . The biochemical manifestations of the timing mechanisms are demonstrated by the regulated degradation of cyclins at the MBT, and at the onset of gastrulation (Howe et al., 1995; Howe and Newport, 1996) . The timing of the MBT is regulated by the nuclear/cytoplasmic ratio (Newport and Kirschner, 1982b) , while the molecular basis of the early gastrulation timer (EGT) is not understood. It appears to be controlled by an independent timing mechanism set at fertilization, which does not depend on protein synthesis, does not count to a certain number of cell divisions, and is not timed by reference to the MBT. The period between the MBT and EGT is critical to coordinate the alterations in cell cycle control with the onset of zygotic transcription. It is also during this period that the developmental potential of the embryos is assessed before embarking on gastrulation.
Apoptosis is a physiological process of cell elimination that functions as an essential mechanism in maintaining normal tissue homeostasis. Cells have a built in death or suicide program which protects the organism, removing potentially damaged cells, and this evolutionary conserved form of cell suicide is identifiable by its characteristic morphological and biochemical features (Kerr et al., 1972; Wyl-lie, 1980) . This type of cell death is important in a wide range of physiological settings and can be induced by diverse stimuli (Hale et al., 1996) . Although the initial signaling events are very varied, there is considerable evidence to suggest that signaling pathways converge to a common final pathway, for which a number of evolutionary conserved genes have been identified (Yang and Korsmeyer, 1996) . Much of our current knowledge about specific cell death genes has been derived from genetic studies in the nematode Caenorhabditis elegans (Hengartner and Horvitz, 1994) . Two of the genes that control the apoptotic program in C. elegans, ced-9 and ced-3, were found to encode components of a universal and highly conserved death machinery. ced-9 is a member of the Bcl-2 family of cell death regulators, which contains both anti-apoptotic and pro-apoptotic members, and many of these proteins can interact with each other through a complex network of homo-and heterodimers (Yang and Korsmeyer, 1996) . The relative ratios of proand anti-apoptotic Bcl-2 family proteins determine the ultimate sensitivity or resistance of cells to a wide variety of apoptotic signals. ced-3 is homologous to the proapoptotic cysteine proteases known as the caspases (Alnemri et al., 1996) , which have been shown to play a key role in the execution of cell death (Whyte, 1996; Nicholson and Thornberry, 1997) .
Programmed cell death is particularly important during development (Sanders and Wride, 1995; Steller, 1995; Jacobson et al., 1997) as in the developing nervous system where cell death controls neuronal numbers and targeting (Raff et al., 1993) , and in morphogenesis, for example in the developing limb. Studies of cell death in Xenopus laevis have focused on the widespread cell death that occurs during amphibian metamorphosis (Ishizuya-Oka and Shimozawa, 1992; Iwamuro and Tata, 1995; Nishikawa and Hayashi, 1995) , and apoptotic extracts have been prepared from Xenopus eggs (Newmeyer et al., 1994) . Cell death during the early developmental stages has only recently been analyzed, two reports showed activation of an apoptotic program early in gastrulation following g-irradiation (Anderson et al., 1997) , or inhibition of DNA replication by hydroxyurea treatment (Stack and Newport, 1997) .
Here we extend these observations and demonstrate that in addition to DNA damage and inhibition of replication, treatment of embryos with inhibitors of transcription and translation before the MBT, also lead to a rapid and synchronous embryonic death at a time when control embryos commence gastrulation (stage 10.5). All toxic insults applied to embryos before the MBT led to widespread apoptosis throughout the embryo at exactly the same time in development (stage 10.5). The pre-MBT embryo was highly resistant to cell death, once threshold-inducing levels were reached, increasing doses had no effect on the timing of apoptosis. Embryonic death was found to be controlled by components of an evolutionary conserved cell death pathway, embryos could be rescued by ectopic Bcl-2 expression or treatment of embryos with the caspase-3 inhibitor z-DEVD-fmk. This apoptotic program is under tight developmental control, only embryos treated prior to the MBT will activate this cell death response. The activation of this cell death program at a specific time during development is a maternally programmed event under the control of a timing mechanism set at fertilization.
Results

Induction of a synchronous embryonic death at the onset of gastrulation
The first 12 cell divisions following fertilization are unperturbed by DNA damage as shown in Fig. 1A , where early divisions in a control, and g-irradiated embryo are compared. Embryos were g-irradiated (40 Gy), prior to the first embryonic cleavage, and the first 12 embryonic divisions, St. 2-St. 9, occurred normally with synchronous divisions every 33 min (Fig. 1A , panels 1-6). Since it is the oscillations in Cdc2/cyclinB kinase activity associated with MPF that are driving these cell divisions (Newport and Kirschner, 1984) , we compared the activity of this kinase in control and irradiated embryos at 5-min intervals, over two embryonic cell divisions. It was found that in vivo oscillations of Cdc2/cyclinB kinase activity were the same in both control and irradiated embryos, further indicating that normal cell cycles were occurring in irradiated embryos (data not shown). Moreover, observations of the time lapse recording shows the characteristic cortical contraction waves associated with the periodic activation of H1 kinase (Hara et al., 1980) . In fact, irradiated embryos showed one or two additional synchronous cleavages compared to control embryos, as seen by one or two additional contraction waves on time lapse recordings. We interpreted this phenomenon as a delayed MBT, the timing of which is under the control of the nuclear/cytoplasmic ratio. Embryos irradiated at St. 1 undergo extensive radioresistant DNA synthesis (RDS) as they only contained an average of 20% less genomic DNA when they reached St. 9, compared to nonirradiated embryos (data not shown). This reduced DNA content might explain the additional synchronous divisions observed. Microinjection of the embryos with restriction endonucleases, causing DNA double strand breaks, also did not affect the timing and the synchrony of the embryonic cleavages (data not shown). These approaches demonstrated that cleaving Xenopus embryos do not activate DNAdamage induced cell cycle checkpoints.
Treatment of 2-cell embryos with a-amanitin, an inhibitor of transcription, had no effect on the early cell divisions, while treatment with the protein synthesis inhibitor cycloheximide causes an arrest in cell division within 1 h of treatment, due to the inhibition of cyclin synthesis (see Figs. 2, 4 and 5A) . An aphidicolin/hydroxyurea cocktail which blocks replication also arrested cell division, treat-ment of stage 1 embryos lead to an arrest in cell division at St. 6.5 (data not shown).
All of the above treatments triggered a rapid and synchronous embryonic death at a time in development corresponding to the onset of gastrulation, i.e. St. 10.5. Embryonic death is defined as the rapid disintegration of the embryo, characterized by a white mottled aspect, and the appearance of non-adherent cells, or fragments of cells, within the vitelline membrane space. Fig. 1B shows a St. 10.5 control embryo (panel 1), alongside dying irradiated, cycloheximide (4-cell arrested), and a-amanitin-treated embryos of the same age (panels 2, 3 and 4, respectively). Within a single irradiated embryo all cells, (~10 000), die very rapidly, in approximately 10 min as seen by time lapse video recording, and 100% of embryos die at this time following such treatments (see Fig. 5B ; % survival = 0).
Morphological changes reminiscent of these were reported following g-irradiation (Anderson et al., 1997) and DNA replication inhibition (Stack and Newport, 1997) . Our results show that these morphological changes were always occurring precisely at stage 10.5, regardless of the type of insult applied to the embryos.
When cycloheximide was applied continuously at concentrations that block 97% of protein synthesis, embryos arrested cell division but do not die until a time when they would normally be gastrulating (Fig. 1B, panel 3 ). It should be noted that treatment of early stage embryos (2-4-cell) with cycloheximide can lead to some uneven pigmentation, giving a fraction of the embryos a marbled appearance, and in addition some uneven cleavages can occur. Despite this, death as defined above, does not occur until a time equivalent to stage 10.5.
Dying embryos exhibit characteristic apoptotic features
To test whether the observed cell death was apoptotic in nature, dying embryos were analyzed for the presence of characteristic apoptotic features.
DNA fragmentation
One such feature is DNA fragmentation resulting from the activation of endonucleases which cleave the genomic DNA (Wyllie, 1980) . Analysis of genomic DNA from dying embryos showed a DNA ladder at St. 10.5 in all treated embryos (Figs. 2A, 2, 4 and 6) while none was detected in control embryos (Figs. 2A, 1, 3 and 5) , indicating that DNA fragmentation was occurring at the time of the observed death of the embryo. Despite the fact that embryos were treated at the 1-or 2-cell stage there were no signs of DNA fragmentation at any time prior to St. 10 (see TUNEL staining below). We therefore confirmed the observation of Anderson et al. (1997) and extended it to embryos treated with a-amanitin and cycloheximide. It is remarkable that cycloheximide arrested embryos can still undergo intranucleosomal DNA fragmentation despite cell cycle arrest and the limited number of cells ( Figs. 2A and 5A ).
TUNEL staining
The TdT-mediated dUTP digoxygenin nick end labeling (TUNEL) staining technique demonstrates in situ DNA fragmentation in cells destined to die by apoptosis (Gavrieli et al., 1992) . Whole embryos were fixed at various times from St. 9 onwards and processed for TUNEL staining. This approach allowed us to draw a spatio-temporal picture of the occurrence of cell death in embryos subjected to different treatments. Fig. 2B shows control, (panels, 1-3), g-irradiated, (panels, 4-6), a-amanitin-treated (panels 7-9), and cycloheximide-treated (panels 10-12), embryos which were TUNEL stained. Densely labeled nuclei are seen throughout the dying embryos (Fig. 2B , panels 6, 9 and 12), and staining was evenly distributed across the animal and vegetal halves of the embryo. TUNEL staining gradually appears at St. 10 as evidenced by the partially stained St. 10 embryos (Fig. 2B, panels 5, 8 and 11) . No TUNEL staining was seen in St. 9 treated embryos (Fig. 2B , panels 4, 7 and 10), nor was there any staining in St. 9, St. 10, or St. 10.5 control embryos (Fig. 2B , panels 1, 2 and 3). We could observe some slight differences in the staining of individual embryos subjected to different treatments, for example TUNEL staining of irradiated embryos was occasionally more patchy with some variations in the size of nuclei stained compared to the evenly spaced uniformly stained nuclei in a-amanitin treated embryos. This difference may be due to some uneven cleavages in the irradiated embryos. The larger masses of TUNEL staining in Fig. 2B , panel 12, represent the larger nuclei in a cell division arrested embryo following cycloheximide treatment. The focal in situ staining of apoptotic nuclei, correlates with the biochemical characteristics of apoptosis, suggesting that embryonic death is mediated by activation of an apoptotic pathway between St. 9 and 10.5 in DNA damaged, a-amanitin-, or cycloheximide-treated embryos.
Caspase activity
Using a known substrate for the caspases, truncated poly ADP-ribose polymerase (tPARP) (Stefanis et al., 1996) , we tested crude cytoplasmic extracts prepared from different embryonic stages for caspase activity (Fig. 2C ). Caspase activity, as measured by the cleavage of tPARP into two fragments (indicated by arrowheads) was only evident in cell-free extracts prepared from St. 9.5-10.5 irradiated embryos, while no caspase activity was detected in extracts made at earlier stages in irradiated embryos or in control embryos. Similar PARP cleavage was observed in extracts made from hydroxyurea-treated embryos (Stack and Newport, 1997) . Caspase activity in an extract from St. 10.5 irradiated embryos was completely inhibited by 250 nM z-DEVD-fmk, a pseudosubstrate inhibitor of the caspase-3 (CPP32-like) subdivision of caspases (data not shown), thus confirming the specificity of this assay. The caspase inhibitor, z-VAD-fmk, only inhibited the caspase activity at higher concentrations, 2.5 mM.
Dying embryos exhibit the characteristic ultrastructural features of apoptotic cells
To determine whether the ultrastructural morphology of embryonic cell death is characteristic of apoptosis (Kerr et al., 1972; Kerr et al., 1995) , sections from St. 10-10.5 irradiated embryos, were examined by electron microscopy. The chromatin was condensed and aggregated in sharply delineated, uniformly dense, masses (Fig. 3B) , which in some cases were seen to abut the inner surface of the nuclear membrane (Fig. 3C ). The nuclear membranes were clearly intact ( Fig. 3B-D) , as were the cellular membranes (Fig.  3B) . Budding of the nucleus to produce discrete nuclear fragments of varying size and chromatin content, which are still surrounded by double membranes, was also detected (Fig. 3D) . Organelles remain well preserved and the mitochondria are clearly identifiable at this time (Fig.  3D) . These features are typical of apoptotic cells and were not detected in control nuclei of the same age (Fig. 3A) , or St. 9 irradiated embryos (data not shown).
Ectopic Bcl-2 expression, and the caspase inhibitor z-DEVD-fmk, inhibit the onset of cell death
The Bcl-2 protein inhibits apoptosis in many systems (Yang and Korsmeyer, 1996) . We expressed human Bcl-2 protein in vivo in irradiated, a-amanitin-and cycloheximide-treated embryos, in an effort to modulate the apoptotic response. In vitro transcribed human Bcl-2 RNA was injected into one blastomere of a 2-cell embryo which had been induced to die, thus allowing the comparison of the apoptotic response in cells with or without Bcl-2, within a single embryo. Analysis of these embryos at a time where cell death normally occurred revealed that Bcl-2 had a protective effect, inhibiting cell death in the half of the embryo that received Bcl-2 RNA (Fig. 4) . Fig. 4 , panel 1 shows a half dying irradiated embryo, the half of the embryo that did not receive Bcl-2 appears white (Fig. 4A, panel 1 , right half of embryo), while the other half is normal and individual cells can clearly be distinguished (Fig. 4A, panel 1 , left half of embryo). This phenomenon was seen in 86% of embryos in which one half of the embryo had been injected with Bcl-2. In addition, TUNEL staining of similarly treated embryos shows densely stained nuclei in the half of the embryo that did not receive Bcl-2 (Fig. 4A, panel 3 , right half of embryo), while no staining is seen is the half of the embryo protected by Bcl-2 (Fig. 4A, panel 3 , left half of embryo). aAmanitin-and cycloheximide-induced death was also inhibited following the expression of Bcl-2 in half of a treated embryo (Fig. 4A, panel 4 , and panel 5, left half of embryo). Microinjection of Bcl-2 RNA into embryos prior to treatment with cycloheximide allowed for expression of show embryonic morphology, panels 3, 4 and 5 show TUNEL stained embryos. Embryos in panels 1 and 3 were irradiated at St. 1, 40 Gy, and 1 blastomere was injected with Bcl-2 RNA at the 2-cell stage. Panel 1 shows a St. 10.5 embryo, cells in the left half of the embryo, i.e. those arising from the blastomere injected with Bcl-2 RNA, look normal while the right half of the embryo is dying. In this experiment 24/28 embryos showed this phenotype and the experiment is representative of three different experiments. Panel 3 shows a similarly treated embryo which was fixed and TUNEL stained at St. 10.5. Panel 2 shows a St. 10.5 embryo in which one blastomere was injected with z-DEVD-fmk at the 2 cell stage, to yield a final concentration of ≈100 mM in the embryo, the left half of the embryo containing z-DEVD-fmk is protected from embryonic death. In this experiment 14/25 injected embryos showed this phenotype and the result is representative of three different experiments. Panel 4 shows an embryo treated with a-amanitin at the 2-cell stage in which one blastomere was injected with Bcl-2. The embryo was fixed and TUNEL stained at St. 10.5, no TUNEL staining is observed in the cells arising from the blastomere injected with Bcl-2, left side of embryo. Panel 5 shows an embryo injected with Bcl-2 RNA at the 2-cell stage, followed by cycloheximide treatment at St. 7. This allowed a period of ≈6 h in which Bcl-2 protein could be synthesized. The embryo was fixed and TUNEL stained at a time equivalent to St. 10.5, and the cells arising from the injected blastomere, left half of embryo, show no TUNEL staining. (B) Percent survival curve for irradiated embryos, +/− Bcl-2. Embryos were irradiated (40 Gy) at the one cell stage, and both blastomeres injected with Bcl-2 RNA at the 2-cell stage. Percent survival refers to the % of surviving embryos in a population, i.e. embryos that do not turn white, or embryos that do not have greater than 50% of the cell on their surface appearing white. Control embryos (W), g-irradiated embryos (B), g-irradiated embryos + Bcl-2 (X). Percentages were scored on batches of 50 embryos, and the data are representative of three separate experiments.
Bcl-2 protein in advance of blocking protein synthesis. These results provide evidence that cell death is mediated by an apoptotic pathway which can be regulated by the Bcl-2 protein. Embryonic death could also be rescued by injection of the caspase inhibitor z-DEVD-fmk (Fig. 4A, panel  2) , implicating a caspase-3 like protease in the execution of the cell death program in embryos. Of the embryos injected with z-DEVD-fmk, 50% showed the half dying phenotype. It is not clear why the degree of rescue was not as high as for Bcl-2 but this may be due to the partial inactivation of the inhibitor over the approximate 10-h incubation period in the embryos, prior to the activation of a cell death program.
Equivalent concentrations of z-VAD-fmk, did not inhibit embryonic death (data not shown).
A comparison of the percent survival curve for irradiated embryos, and irradiated embryos in which both blastomeres had been injected with Bcl-2 RNA at the 2-cell stage, showed that the presence of Bcl-2 in irradiated embryos delayed the onset of apoptosis by 2-3 h. The onset of embryonic death was shifted from a time equivalent to stage 10.5 to a time equivalent to stage 12 (Fig. 4B) . Bcl-2 expression also delayed the onset of apoptotic death induced by a-amanitin in a similar way (data not shown). These results provide further evidence that cell death is Fig. 5 . Embryonic death at St. 10.5 is only induced by treatment prior to the MBT. (A) Embryos were treated with cycloheximide at various stages during development leading to an arrest in cell division at the following Stages: panels 1 and 2, St. 3; panels 3 and 4, St. 6.5; panels 5 and 6, St. 8; panels 7 and 8, St. 9. Embryos were fixed and TUNEL stained, at times in development equivalent to St. 9 and St. 10.5 in control embryos. Panels 1, 3, 5 and 7 show St. 9 equivalent embryos, panels 2, 4, 6 and 8 show St. 10.5 equivalent embryos. Arrows in panel 2 indicate 3 stained nuclei in a 4-cell embryo. (B) Percent survival curve of embryos irradiated at different stages during development. Embryos received 40 Gy, St. 1 irradiated (X); St. 7 irradiated (B); St. 8 irradiated (O); St. 9 irradiated (W). Percent survival refers to the % of surviving embryos in a population, i.e. embryos that do not turn white, or embryos that do not have greater than 50% of the cell on their surface appearing white. Percentages were scored on batches of 50 embryos, and the data are representative of three separate experiments. mediated by an apoptotic pathway which can be regulated by the Bcl-2 protein.
Embryonic death is only induced in embryos treated prior to the MBT
Following the observation that g-irradiation and hydroxyurea can induce apoptosis only when applied before the MBT (Anderson et al., 1997; Stack and Newport, 1997) we wanted to determine the precise timing of the acquisition of this response following a number of toxic insults and assess whether it is specific to certain treatments or a fundamental response of the embryo to insults applied during the early cleavage divisions.
We found that there is a critical phase during which rapid, synchronous and widespread embryonic cell death could be induced in embryos by g-irradiation, a-amanitin or cycloheximide. Only those embryos treated prior to St. 8, a time corresponding to the MBT (~6.5 h post-fertilization), die synchronously at the onset of gastrulation. Embryos treated after the MBT, do not undergo this synchronous apoptosis and die later during development, following abortive gastrulation movements. This phenomenon is exemplified in Fig. 5 for both cycloheximide treatment (Fig. 5A) , and girradiation (Fig. 5B ).
Embryos treated with cycloheximide, that undergo cell cycle arrest prior to the MBT, show TUNEL staining at St. 10.5 (Fig. 5A , panels 2, 4 and 6). As in the previous experiments no TUNEL was seen at earlier stages, and stage 9 embryos are shown (Fig. 5A, panels 1, 3 and 5 ). Embryos treated with cycloheximide, that undergo cell cycle arrest after the MBT, do not show TUNEL staining at St. 10.5 (Fig. 5A, panel 8) . In this experiment, the timing of development was the following: St. 3: 2.5 h; St.6.5: 4.5 h; St.8: 6.5 h; St. 9: 9.5 h; St.10.5: 12.5 h. The duration of the cycloheximide treatment is not what determines the time of death: embryos in Fig. 5A , panels 2, 4 and 6, underwent cycloheximide-induced cell cycle arrest for 10, 8 and 6 h, respectively, and still all died synchronously at a time equivalent to stage 10.5. The 4-cell arrested embryo (Fig.  5A panel 1) , had already been exposed to cycloheximide for 7.5 h at a time equivalent to St.9, when TUNEL staining was still not detected. Additionally, the post-MBT treated embryo (Fig. 5A, panel 8 ), was exposed to cycloheximide for 6 h as was the case with the TUNEL stained embryo in panel 6, and did not show any TUNEL staining at St.10.5. Staining of post-MBT arrested embryos showed a delayed, asynchronous cell death that does not affect all cells within an embryo (data not shown). The first signs of apoptosis in these embryos was evident at 15.5 h post-fertilization, the embryos only show partial TUNEL staining, moreover a number of these embryos will survive up to 24 h post-fertilization, although development is abnormal. Cell death was therefore spread over a period of 8.5 h a striking difference with the synchronous cell death, within less than 1 h, observed when embryos are treated prior to the MBT (Fig.  6) .
Similar results were obtained following g-irradiation (Fig. 5B) . Again, the length of exposure to radiation did not determine the time of apoptosis: embryos irradiated at St. 1, St. 7 and St. 8, survived 14 h, 8 h and 6 h, respectively, with damaged DNA (note the timing of the stages differs from above because the embryos were cultured at a lower temperature). Similar to the observations with cycloheximide, embryos irradiated after the MBT did not show any sign of apoptosis at St. 10.5, but die asynchronously over a long period of time following the onset of gastrulation in control embryos.
Discussion
Activation of an apoptotic program at the onset of gastrulation
We report here a novel phenomenon whereby Xenopus embryos, in response to a number of insults, activate a cellular suicide program at the onset of gastrulation resulting in the rapid, synchronous, and generalized death of the embryo. Dying embryos were found to exhibit the characteristic features of apoptotic cells as assessed by the following criteria; (i) internucleosomal DNA fragmentation, (ii) TUNEL assay, (iii) ultrastructural cell morphology and (iv) rescue of embryonic death by ectopic Bcl-2 expression and the caspase-3 inhibitor z-DEVD-fmk.
The characteristic appearance of integral multimers of 180-200 bp DNA fragments, which had been described for irradiation induced apoptosis (Anderson et al., 1997) , was also detected upon electrophoretic analysis of the genomic DNA from, a-amanitin, and cycloheximide treated embryos ( Fig. 2A) . TUNEL staining also revealed DNA fragmentation throughout the nuclei of dying embryos (Fig. 2B, panel 6, 9 and 12), the staining was homogenous throughout the embryo, with each cell containing a single focus of staining, suggesting that the nuclei were intact, as was confirmed by electron microscopy (Fig. 3) . Cell death takes place in a cell autonomous fashion, as seen by the Bcl-2 rescue experiments (Fig. 4A) , and by injection of a-amanitin into 1 blastomere of a 2-cell embryo which resulted in apoptosis only those cells exposed to a-amanitin, i.e. half the embryo (data not shown).
An ultrastructural analysis of irradiated embryos revealed features that were clearly apoptotic, as evidenced by (i) the formation of rounded, electron dense chromatin clumps; (ii) the preservation of both the nuclear and cellular membranes; and (iii) the preservation of intracellular organelles.
While the characteristic condensed chromatin is seen in dying embryos, the condensed masses are small compared to what has been observed in some other systems (Kerr et al., 1995) , and in cells from Xenopus tadpoles undergoing metamorphosis (Ishizuya-Oka and Shimozawa, 1992) . The proportion of the nucleus occupied by condensed chromatin is known to vary with cell type, for example it is particularly high in lymphoid cells and much lower in cells that have little heterochromatin, for example HeLa cells (Kerr et al., 1995) . The small masses of condensed chromatin observed may be due to some unusual structural characteristics of chromatin in the early embryo. The cell cycle length of stage 10.5 embryos is between 30 min and 2 h, (Graham and Morgan, 1966; Howe et al., 1995) . The almost constant reorganization of the chromatin passing rapidly through rounds of DNA replication and mitosis might explain the observed differences in ultrastructural morphology.
Apoptotic cells eventually lose their intercellular connections and detach from each other, in addition cell blebbing can occur and membrane bound bodies can be pinched off (Kerr et al., 1995) . We have observed that when the vitelline membrane of embryos is removed manually they appear to be constituted of non-adherent cells or fragments of cells. A more detailed ultrastructural analysis will be necessary to determine the exact nature of this last phase in the death of the embryo.
Our in vivo rescue experiments, indicated that key components of the highly conserved cell death pathway were important regulators of the apoptotic response in Xenopus embryos. The abrogation of embryonic death by the expression of human Bcl-2 protein in embryos indicated that cell death is mediated by an apoptotic pathway which can be regulated by Bcl-2. This result highlights the conservative nature of cell death pathways, particularly the role for the Bcl-2 family of proteins. Little is known about the expression of bcl-2 genes in the Xenopus embryo, to date, two Xenopus bcl-2 like genes have been cloned, both of which are similar to the bcl-x L survival promoter gene (Cruz-Reyes and Tata, 1995) . In addition, specific peptide inhibitors of the caspases allowed us to identify a caspase-3 like protease as being important for mediating the apoptotic response in Xenopus. The combination of in vitro and in vivo assays allowed us to conclude that this apoptotic pathway most likely involves the activation of a member of the caspase-3 and not of the caspase-1 family. The implication of caspase-3 is in agreement with Stack and Newport (1997) . The combined evidence from both the morphological and biochemical analysis unambiguously demonstrates that the embryonic death we observe is due to apoptosis.
Traversing the MBT correlates with the commitment to an apoptotic cell death program
A previous report showed that there is a change at the MBT in the response of embryos to radiation damage (Anderson et al., 1997) and replication inhibition (Stack and Newport, 1997) . We have found that a range of toxic insults, which affect cells in very different ways, have a similar effect. The precise timing of embryonic death is striking, embryos always showed the morphological and biochemical changes associated with death at a time equivalent to St. 10.5 in control embryos regardless of the type of insult applied.
Traversing the MBT correlates with the commitment to an apoptotic cell death program in conditions where genomic DNA is damaged, transcription is blocked, or protein synthesis is inhibited. Once the embryos are treated after this developmental stage, the ability to activate this rapid and synchronous embryonic response is lost even if similar treatments are applied to the embryo. This is not a reflection of a different sensitivity of the embryo after the MBT, since all treatments show the same dependency for the time at which they are applied. The fact that this developmental checkpoint can be activated following a wide variety of treatments demonstrates its fundamental importance in developing embryos. The lack of cell cycle checkpoints in the cleaving embryo does allow for unchecked cell cycles and therefore could be detrimental to the survival of the organism, however a system whereby an apoptotic response is favored over cell cycle arrest would allow for such uncontrolled cell divisions during early development. This strategy could therefore palliate the lack of cell cycle checkpoints in the early embryo and provides a mechanism to eliminate non-viable cells early during development. We predict that this developmental strategy will be conserved in other organisms with similar developmental programs such as amphibians, fishes and insects, the eggs of which all commence development as large cells that go through a series of rapid reductive divisions (Kimelman et al., 1987; Raff and Glover, 1988; Kane and Kimmel, 1993) . Studies in Drosophila suggest that this might be the case (SchneiderMinder, 1966; Wurgler and Ulrich, 1976 ). X-Irradiation of different developmental stages revealed different responses to DNA damage depending on the age of irradiated embryos. It was found that X-irradiation of embryos up to the end of cleavage lead to the death of the embryo at the blastoderm stage which was characterized by a white mottled appearance of the egg. This syndrome disappears once the blastoderm is formed and embryos irradiated from this stage on die at later stages in development.
Apoptosis in the absence of cell cycle and de novo protein synthesis
Remarkably, the maternal cell death program can take place in the absence of the cell division cycle as evidenced by the results with cycloheximide where embryos have arrested cell division as early as the 4-cell stage, due to the inhibition of cyclin synthesis, but do not die until a time when they would normally be gastrulating. Apoptosis and the cell cycle appear intrinsically linked in many cases however, the fact that the cell cycle is blocked for many hours before cell death occurs suggests that it is unlikely that the cell cycle machinery is involved in this apoptotic response. The occurrence of cell death despite the continuous application of cycloheximide, and thus inhibition of de novo protein synthesis by greater than 97% from the 2-cell stage, indicates that the apoptotic machinery must be present in the early embryo but is maintained in an inactive state.
A developmental timer regulates apoptosis
Xenopus embryos display several developmental programs under the control of maternal gene expression the timing of which is tightly regulated. In addition to the midblastula transition, first described in Urodeles (Signoret and Lefresne, 1971) , and then described in detail in Xenopus (Newport and Kirschner, 1982a ) a developmental timer with characteristics similar to the timer we observe was recently described (Howe and Newport, 1996) . It was shown that cyclin E1 was rapidly degraded at a time corresponding to the MBT, and this degradation occurred independently of the number of cell divisions, was not dependent upon zygotic transcription, de novo protein synthesis, or the nuclear/cytoplasmic ratio thought to trigger the MBT. In a similar manner, the competence for apoptosis we describe could be acquired solely by post-translational mechanisms as it can take place following continuous treatment with cycloheximide. It was postulated that events associated with the MBT may be regulated by at least two different types of timers, one that measures the nuclear/ cytoplasmic ratio and a second that controls the onset of proteolytic events. In addition, a timer that regulates the destruction of some maternal RNAs at the time of gastrulation, has also been described (Howe et al., 1995) , and events under the control of a 'gastrulation timer', were also shown to occur independently of the number of cell cycles and the onset of zygotic transcription. The molecular basis of these timers is not yet understood.
Inhibition of apoptosis in the early embryo
The apoptotic response is never elicited prior to St. 10.5. This could be due to either the intrinsic inability of the embryo to activate a cell death pathway before St. 10.5, or to an excess of an inhibitory component of the cell death pathway in embryos before St. 10.5. Drawing a parallel with the destruction of cyclins we favor the hypothesis of an inhibitor. This maternally inherited inhibitor(s) could be degraded using a similar mechanism as the one described for cyclin degradation between the MBT and the onset of gastrulation (Howe and Newport, 1996; Stack and Newport, 1997) . Preliminary studies using apoptotic extracts prepared from irradiated embryos have lead us to identify an inhibitory component in protein fractions from early embryos (data not shown). The fact that genotoxic insults after the MBT do not lead to the activation of a cell death program at St. 10.5 implies a new zygotic protein blocking further cell death is synthesized in the short window of time between St. 8 and 9. If transcription or translation of these factors is prevented apoptosis would be activated.
The fact that DNA damage, a-amanitin and cycloheximide treatment, may all ultimately result in a block in gene expression allows us to propose a mechanism whereby the embryo could be sensing the absence of new survival signals normally switched on at the MBT. Raff has proposed that virtually all cells in an embryo are programmed to die unless they receive signals instructing them to remain alive (Raff, 1992) . If cells reaching the MBT do not receive the correct cue for their further development, the default pathway may be apoptosis. This default apoptotic state would normally be inhibited by new RNA or protein synthesis following the MBT. Alternatively, we cannot rule out the possibility of additional sensing mechanisms directly monitoring structural changes in either the DNA or the chromatin, such as DNA double strand breaks, or stalled transcription or translation machinery. This is one of the earliest stages of development for which cell death has been reported and is unique in that all cells in the embryo undergo apoptosis at the same time. We have found that the naturally occurring programmed cell death that occurs in the early Xenopus embryo commences between stage 13 and 14 of development (Hensey and Gautier, unpublished data) (Fig. 6) . Traversing the MBT appears to define a 'checkpoint' in development for the elimination of damaged embryos (Fig. 6) , and the difference in the response of embryos to insults applied before or after the MBT may be due at least in part to a switch whereby cells are capable of cell cycle arrest rather than purely a cell death option.
Experimental procedures
Materials
All chemicals were from Sigma unless noted. The peptide caspase inhibitors z-Val-Ala-Asp-CH 2 F (z-VAD-fmk), and z-Asp-Glu-Val-Asp-CH 2 F (z-DEVD-fmk) were from Enzyme Systems Products, CA.
Embryological methods and injections
Xenopus embryos were obtained by standard methods and staged according to Nieuwkoop and Faber (1967) . Freshly squeezed eggs were fertilized, dejellied and irradiated by a 137 Cs source, using a Gammacell 40 irradiator. Embryos were irradiated 1 h post-fertilization, except for the experiment in Fig. 5B , where embryos were irradiated at the indicated stages in development. Following the first cleavage, at ≈1.5 h, embryos were sorted and transferred to a 18°C incubator and maintained at this temperature for the course of an experiment.
For micro-injections embryos were transferred to 1× MMR (100 mM NaCl, 2 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 0.1 mM EDTA, 5 mM HEPES, pH 7.8) containing 4% Ficoll. mRNAs for injections were transcribed from templates using mMessage mMachine (Ambion). Injection volumes were 4 nl and one or both blastomeres were injected at the 2-cell stage as follows: Bcl-2 RNA, 4 ng/ blastomere; a-amanitin, 40 pg/blastomere; z-DEVD-fmk, ≈100 mM final concentration in embryos. Injected embryos were transferred to 0.1× MMR, 4% Ficoll at St. 6-7. For treatment with cycloheximide embryos were transferred to 0.1× MMR containing 0.1 mg/ml cycloheximide at the indicated stages in development, and maintained in this buffer for the remainder of the experiment.
Embryonic death
The morphological criteria defining embryonic death was the change in the color and appearance of the embryo. The pigmented animal pole turns an opaque white, and nonadherent cells, or cell fragments and yolk platelets from lysed cells, could be seen to collect within the vitelline membrane space, giving a globular white appearance to the embryonic surface. Embryos were scored as dead when greater than 50% of the cells within an embryo appeared white. Thus, % survival refers to the % of surviving embryos in a population, i.e. embryos that do not turn white, or embryos that do not have greater than 50% of their surface appearing white.
Microscopy and photography
Time lapse videos were made on a Zeiss Axiophot equipped with a SONY RGB camera. Automated video microscopy was achieved using the Metamorph Imaging System (Universal Imaging Corp.). Embryos and wholemounts were also photographed on a Zeiss Axiophot using a standard 35 mm camera.
Electron microscopy was carried out according to Kelly et al. (1991) . Embryos were fixed in 3% glutaraldehyde, 1% paraformaldehyde and 1% DMSO in 0.1 M cacodylate buffer (pH 7.2). Fixation was carried out overnight at 4°C. The embryos were then washed for 1 h in 0.13 M cacodylate buffer and treated with an osmium tetroxide solution, overnight at 4°C. Following osmication embryos were rapidly dehydrated in an ascending series of −20°C ethanol; 5 min each in 70, 80, 95 and dry 100% ×3. Samples were then warmed to room temperature and washed again in absolute ethanol, ×3. Samples were embedded in LX-112 (Ladd). Embryos were sectioned using an MT 7000 (RMC) and sections placed on copper grids and viewed with a JEOL 1200X electron microscope.
Analysis of DNA fragmentation
Internucleosomal DNA fragmentation was assayed according to Tilly and Hsueh (1993) . Briefly, genomic DNA was prepared from batches of 50 embryos and the 3′ end of DNA fragments was labeled using terminal deoxynucleotidyl transferase (GibcoBRL) and labeled dideoxynucleotide ([a-32 P]ddATP; 3000 Ci/mmol, Amersham). Labeled samples were separated by 2% agarose gel electrophoresis, and analyzed using a Phosphoimager (Molecular Dynamics).
TUNEL staining
TUNEL staining of wholemount Xenopus embryos was carried out using a protocol adapted from Blaschke et al. (1996) (Gert Jan C. Veenstra, pers. commun.). Following removal of the vitelline membrane, albino embryos were fixed for 1 h in MEMFA, (100 mM MOPS (pH 7.4), 2 mM EGTA, 1 mM MgSO 4 , 4% formaldehyde). Embryos were washed in methanol (2 × 30 min) and stored in methanol at −20°C. For rehydration, embryos were washed in PBT (0.2% Tween-20 in PBS), 2 × 15 min, followed by 2 × 15 min washes in PBS. Embryos were transferred to terminal deoxynucleotidyl transferase, (TdT), buffer (GibcoBRL) and washed for 30 min. End labeling was carried out overnight at room temperature in TdT buffer containing 0.5 mM digoxygenin-dUTP (Boehringer Mannheim), and 150 U/ml TdT (GibcoBRL). Embryos were then washed 2 × 1 h in PBS/EDTA 1 mM, at 65°C, followed by 4 × 1 h in PBS at room temperature. Detection and chromogenic reaction was carried out according to Harland (1991) . The embryos were blocked by incubation in PBT + 20% goat serum for 1 h, followed by incubation overnight (4°C), with anti-digoxygenin antibody coupled to alkaline phosphatase (Boehringer Mannheim). To remove excess antibody embryos were washed 6 × 1 h followed by overnight in PBS. The chromogenic reaction with alkaline phosphatase was carried out in alkaline phosphatase buffer, (100 mM Tris (pH 9.5), 50 mM MgCl 2 , 100 mM NaCl, 0.1% Tween-20, 5 mM levamisol), containing Nitro blue tetrazolium, 338 mg/ml and 5-bromo-4-chloro-3-indolylphosphate, 175 mg/ml. The reaction was visible within 30 min and stopped by transferring the embryos to MEMFA. Embryos were viewed following dehydration in methanol and mounting in benzyl benzoate/benzyl alcohol 2:1.
tPARP cleavage
Embryonic extracts were prepared from embryos collected at the indicated stages. Embryos were crushed in EB (80 mM K-b-glycerophosphate (pH 7.3), 15 mM MgCl 2 , 20 mM EGTA, 10 mM DTT), and a crude cytoplasmic fraction prepared by centrifugation at 10 000 rev./min, for 10 min, at 4°C.
35
S-labeled tPARP (Stefanis et al., 1996) was prepared by a coupled transcription/translation reaction (Promega), and incubated in extracts at 24°C, for 15 min. Samples were analyzed by 11% SDS-PAGE.
